Introduction
Sustained changes to the composition of reef benthos have major implications for reef-associated communities. One of the most widely studied of these communities are the reef fishes, owing to their importance as a protein source for human societies living close to tropical coastlines (Pauly et al., 2002; Bell et al., 2009) and their functional ecological roles on reefs (Bellwood et al., 2004) . Recent reviews have focused on the effects of habitat disturbance on coral reef fishes (Jones and Syms, 1998; Wilson et al., 2006) , some specifically addressing the influence of coral bleaching Pratchett et al., 2009 ). In addition, Munday et al. present a holistic prediction of climate change impacts on coral reef fishes, considering both the indirect effects associated with changes to habitat and oceanic currents as well as the direct effects on fish physiology and demographics (Munday et al., 2008a) . Here we present a list of research questions that, if addressed, will advance our understanding of how climate change will affect reef fishes and improve the capacity of managers to mitigate such impacts.
Materials and methods
A comprehensive range of research objectives was obtained by inviting scientists to submit five questions that represented feasible research projects and information gaps on climate change impacts on coral reef fishes. Each of the invited scientists had considerable expertise on the topic, having authored or co-authored three or more papers on the effects of environmental parameters, such as habitat and temperature on coral reef fishes. Of the 43 scientists invited to contribute, 33 provided 155 questions. This represented expert opinion from people working in 10 countries and 23 institutions, conducting research in all oceans. The majority of these institutions were universities; however, there were also participants from resource management agencies, research and non-government organisations.
To assess the breadth of knowledge canvassed and how this may have influenced the distribution and evaluation of questions, each scientist was asked to identify their areas of research interest relevant to climate change impacts on coral reef fishes. The same research areas were used to categorise the posed questions. As both the research interests of scientists and questions covered multiple topics, both researchers and questions could be assigned to more than one category.
Contributing scientists were then asked to evaluate the quality of all of the submitted questions. Questions were placed in a random order and scientists asked if each question: (i) identified a gap in our current knowledge base, (ii) was achievable, (iii) was of broad ecological scope (applicable to multiple species and coral reefs globally), and (iv) was of high priority needing to be answered immediately. Each of these question attributes was rated as: very low, low, medium, high, or very high, which corresponded to a score between 1 and 5. Of the scientists that submitted questions, 31 provided scores for all 155 questions. In addition, one scientist that did not submit questions completed the survey (see Table S1 in supplementary material).
Results
More than 70% of scientists identified community dynamics, habitat associations, diversity and distribution patterns of reef fish as areas of research interest (Fig.1 ). By contrast, less than 20% of contributors listed physiology, productivity and disease as research interests. Scientists' interests influenced the type of questions proposed, with a positive correlation detected between the number of scientists interested in a topic and the number of questions presented on that topic (F 1,11 4.47, P0.05, R 2 0.29). However, scientists tended to score questions from different topic areas evenly, suggesting research background did not unduly bias assessment of question quality (Fig.2 ). The median response for questions within all categories was 'high' with respect to identifying knowledge gaps and 'medium' with respect to achievability. Question scope and priority were also similar between categories, although studies on fish disease and behaviour were considered to be of slightly lower scope and priority. These results suggest that although there are relatively few researchers working on topics like physiology of coral reef fish, most recognise that more work is required in these areas. Physiological studies in particular are identified as high priority, and a comparatively high level of achievability suggests scientists believe we already have the ability to address many of these questions. Importantly, a greater knowledge of reef fish physiology will underpin ecological understating and improve management capacity. Clearly there is a need for more interdisciplinary studies and greater collaboration between scientists of different research backgrounds and expertise if we are to progress our understanding of climate change effects on reef fishes.
The final list of 53 questions represents a comprehensive and refined list of objectives that should steer future research. Only questions that the majority of scientists classified as 'high' or 'very high' in terms of identifying a knowledge gap were included whereas questions the majority deemed of 'low' or 'very low' achievability, scope or priority were excluded. In some cases, the same question was posed by multiple scientists, although phrasing of questions differed between scientists. For example, 10 scientists asked how changes in oceanic currents will alter connectivity and recruitment patterns of fish. All 10 of these questions were given median ranks of 'high' in terms of identifying a knowledge gap and scope and 'medium' scores in terms of achievability. Thus, scientists believe our understanding of how climate change affects currents and connectivity is rudimentary but they also realise that these questions are not easily addressed. The standard scoring of similar questions also indicates that scientists were not overly influenced by question phrasing. Nonetheless, there were slight differences in the overall score of similar questions, and where there was replication the question with the highest overall score was retained. If questions were subtly different (e.g. assessing temporal vs spatial trends) information was amalgamated to create a single question. Questions are presented below under the research areas used to classify them although, as previously mentioned, some questions transcend a single topic and could be placed under multiple headings.
Habitat associations, community dynamics and diversity of fishes
(1) While it is clear that fish species that specialise on corals for food or habitat are impacted by coral mortality Pratchett et al., 2008) the effect of coral loss on other fish species, particularly cryptic and rare species, is poorly understood (but see Bellwood et al., 2006) . How does coral mortality influence the capacity of a wide range of fish populations, with differing lifehistory traits, to persist?
(2) Sublethal changes in the condition of reef fish associated with live coral cover have been observed weeks to months after live coral reductions (e.g. Pratchett et al., 2004; Feary et al., 2009) . How do sublethal effects vary between species? Are juveniles more susceptible than adults? What are reliable metrics to measure sublethal impacts of climate change on fish?
(3) Very few studies have documented the effects of coral recovery on the short-, medium-and long-term structure of the fish communities (but see Halford et al., 2004; Berumen and Pratchett, 2006) . How dependent on coral is the post-disturbance recovery process of fish communities? How will recovery rates of reefs and fish vary due to different disturbance types, e.g. bleaching vs storm damage? Which fish species are diagnostic markers of reef regeneration?
(4) Losses in live coral and structural complexity have been shown to cause losses in fish diversity and abundance (Jones et al., 2004; Graham et al., 2006; Wilson et al., 2006) ; however, little is understood regarding a loss of functional diversity in the fish assemblage or how such a loss may affect coral recovery potential. How is fish functional diversity impacted on degraded coral reefs and how does this interact with benthic recovery dynamics?
(5) It has been shown that different genera of corals vary in their susceptibility to climate change (Baird and Marshall, 2002) . Unless rapid adaptation takes place, shifts in coral species dominance will occur (Riegl and Purkis, 2009), most likely away from branching species to more massive and encrusting species. How will this shift in ecosystem engineers, potentially across wide geographical scales, affect reef fish communities? Can we develop a model of what reef fish communities will look like in 10, 25 or 50 years? (6) What effects will ocean acidification have on coral habitats and how will this affect reef fishes? Much of the work in this domain has focused on the effects of bleaching, due to the historically greater awareness of the issue, but acidification may be the stronger, more critical, impact on habitats and hence on fishes.
(7) Climate change appears to be a major driver leading to the loss of structural complexity on reefs (Alvarez-Filip et al., 2009) , which may alter the diversity and composition of fish communities (Sano et al., 1987; Graham et al., 2006) . Some reef-associated fish species exhibit a non-linear relationship with structural complexity (Pittman et al., 2009) . Do species-specific threshold effects exist beyond which structure no longer supports certain species? What ecological processes and aspects of fish behaviour do loss of structural complexity affect?
(8) Herbivorous fishes often increase in abundance following extensive coral loss Pratchett et al., 2008; Pratchett et al., 2009) . At the same time metabolic rate and consumption are expected to increase with temperature, until optimum or threshold temperatures are exceeded (Munday et al., 2008b) . How will the rate of feeding and erosion by herbivorous fish (and other bioeroders) be affected by increasing temperatures? To what extent will this process hasten the rates of reef erosion and loss of structural complexity?
(9) Collapse in the physical matrix of the reef following coral mortality has been shown to cause a reduction in the abundance of smaller size classes of large-bodied reef fish (Graham et al., 2007) (Wilson et al., 2010) . What are the long-term implications of this for ecological function and fishery resources?
(10) Coral reefs are often a component of a larger ecological system, which incorporates elements such as seagrass, mangroves and algal beds. Changes in temperature, sea level and storm dynamics are likely to affect all of these habitats, the interactions between them and the interactions with terrestrial habitats (e.g. erosion). As many fish undertake ontogenic and trophic migrations between habitats (Nagelkerken et al., 2000; Mumby et al., 2004) , how will changes in the composition and cover of habitats adjacent to coral reefs influence fish behaviour, recruitment and abundance?
(11) Much of our focus on coral reef degradation has related to the loss of live coral, and associated structural complexity, and an increase in algal cover. Many other alternate states have been identified, such as those dominated by soft corals, sponges or corallimorphs (Norström et al., 2008) . These changes are likely to influence those species that directly rely on these resources (e.g. species that feed directly on soft corals or sponges). How will such changes influence the overall diversity and functioning of reef fish communities?
(12) Climate change could result in increased incidence of disturbances, such as severe storms, or changes may be more gradual, such as gradual declines in pH. Low-level, but persistent, disturbances can still drive changes in community structure (e.g. Berumen and Pratchett, 2006) . How does the speed, acuteness or severity of a disturbance influence the resulting fish communities? (13) How will short-and long-term organic productivity on coral reefs be affected by bleaching? Moreover, as increased water temperature will affect rates of metabolism, digestion and growth, how will this influence the rate at which energy flows through food webs and the productivity of reef fish, particularly species targeted by fishers? (14) Can fishes adapt to changing temperature and pH regimes? How will the rate of change in temperature, CO 2 and acidity affect fishes' abilities to adapt? Our understanding of the ability of marine fishes to adapt to rapid environmental change is rudimentary. Many fishes have large geographical ranges spanning a temperature gradient at least as large as projected increases in average SST; therefore, some capacity for adaptation to higher temperatures should be possible, especially in high latitude populations currently living at the lowest temperatures (Munday et al., 2008a) . By contrast, there is likely to be much less capacity to adapt to rapid increases in ambient CO 2 (Munday et al., 2009b) .
(15) How do fish communities respond to interactions or synergies among various climate change-associated environmental drivers (e.g. rise in temperature, ocean acidification)? Are synergistic effects of SST rise and ocean acidification predicted by their independent effects? Similarly, how does the interaction between habitat degradation and fishing or other anthropogenic pressures affect fish?
(16) Ocean warming and acidification can have a direct effect on coral reef fish (Munday et al., 2008a) and may play an increasingly important role in structuring communities (Poloczanska et al., 2007) . How do the direct effects of climate change on fish populations and communities compare with the indirect effects, typically mediated through habitat alteration? Are there other effects associated with climate change (e.g. harmful algal blooms) that may become increasingly important in structuring fish communities?
(17) Recent research has identified an optimal temperature for the damselfish Acanthachromis polyacanthus, beyond which growth declines, especially if resources are limited (Munday et al., 2008b) . What is the typical optimal temperature for coral reef fishes, and is it likely to be exceeded given sustained ongoing climate change? To what extent are larger and commercially important reef fishes (e.g. Plectropomus spp.) affected by projected changes in temperature?
(18) The effects of increased levels of dissolved CO 2 and reduced ocean pH on non-calcifying marine species are poorly understood. Although some research indicates that fishes are tolerant to relatively small increases in CO 2 (Ishimatsu et al., 2008; Munday et al., 2009a) , one recent study found that elevated CO 2 exacerbated the effects of increased water temperatures on the aerobic performance of two reef fish species (Munday et al., 2009d) . How will performance be affected across a broad spectrum of reef fish species, life stages and genotypes? How will this affect reproductive performance, growth and survival of fishes?
(19) Increasing acidification of marine waters will reduce calcification (mostly aragonite) of marine organisms (Kleypas et al., 1999) . What impact will this have on the development of calcified parts of fish, such as otoliths? Could the aragonite be replaced by vaterite or calcite as found in otoliths of some stressed fish?
(20) What are the physiological thresholds at which the functional behaviour and demographics of an animal is compromised or become decoupled? For example, Pomacentrus ambionensis adults can sustain 34°C but reproduction is reduced and eggs fail to survive at 31°C (Gagliano et al., 2007) .
(21) Animal physiological processes and the maintenance of homeostasis are strongly influenced by temperature and pH. Gametes and embryos have the most poorly developed homeostatic mechanisms. How will increased water temperature and acidification influence gamete viability, performance (e.g. sperm activity) and fertilisation success?
(22) The intrinsic capacity to withstand stressful conditions varies among reef fish species Nilsson et al., 2009 ).
But how are intrinsic physiological capacities shaped by ecological demands? How similar is the physiological capacity to deal with stress among members of the same functional group or species with comparable life-history traits?
Population demographics of fishes (23) Because fish are poikilotherms and their metabolic rates are driven by ambient environmental conditions, temperature has a potentially large impact on growth rate and yield. How will growth rates of fishes and fisheries productivity change with respect to temperature shifts?
(24) The upward trend in water temperature could have either a positive or negative effect on the reproductive success of reef fishes that use temperature to cue breeding (Munday et al., 2008a) . How will increased temperature affect the reproductive timing/season of marine fishes and the subsequent development, survival and behaviour of larvae?
(25) Parental effects strongly influence the links between ontogenetic stages in a fish's life cycle (McCormick and Gagliano, 2009) . Recent studies show that these links are disrupted through maternal stress (McCormick, 1998; McCormick, 2006) . How will habitat degradation influence maternal stress and offspring quality, and how will this link influence the size of the population effectively breeding and the number of larvae that replenish local populations?
(26) What would the effect of plastic or inherited life-history changes be on the role of fishes in the community and their role as an extracted marine resource? There are a range of demographic and life-history characteristics that may covary with ecological and anthropogenic effects, and a relatively sound theory of the direction in which variables such as age and size at maturity, mortality, growth and reproduction trade-offs are likely to change (Stearns, 1992) . In coral reef fishes understanding these characteristics is made more complicated by the large number of hermaphroditic species in functionally and economically important groups.
(27) Research suggests that food availability becomes limiting to population processes in low latitudes (Jones and McCormick, 2002) . If increased temperature increases metabolism, how will the energetic requirements be met at low latitudes? If food is limited, what life process will be traded-off against metabolism?
(28) Life-history theory suggests that in order to maximise reproductive fitness, females will adopt either one of two tactics: investing greater amounts of energy into producing a large quantity of offspring, or producing fewer offspring but investing greater amounts of energy to each individual (Stearns, 1992; Einum and Fleming, 2000) . Theory suggests that the allocation strategy adopted depends upon the predictability of the environment (Marshall and Uller, 2007) . Will species-specific allocation strategies developed over long time frames be sufficiently flexible to adapt to rapid environmental change, and what are the ramifications of this potential mismatch for recruitment success?
(29) Many coral reef fishes undergo sex change, and the ratio of males and females strongly influences the social organisation of populations. Recent studies have shown that the identity of the individuals that become males (i.e. individuals with highest fitness) depends upon their characteristics at hatching and in the larval phase (Walker et al., 2007) (M.I.M., personal observation). How will climate change influence fitness of early life-history stages and how will this affect social organisation of fish populations.
(30) Which species are really specialists? Theory (Vazquez and Simberloff, 2002) and limited empirical data (e.g. Munday, 2004; Berumen and Pratchett, 2008; Pratchett et al., 2008; Wilson et al., 2008) suggest specialist species are more susceptible to disturbance than generalists. However, the characterisation of reef fish as specialists and generalists is still unclear. There needs to be a detailed and multi-factorial assessment made of the plasticity in resource use inherent in reef fish.
Resilience of reefs and fishes
(31) Are fishes necessary to maintain coral-dominated systems? There is a general assumption that reefs without fishes decline. But this is often an all-or-none scenario and, beyond herbivores, few groups have been shown to have a significant role in supporting coral reefs. Herbivores may represent a crucial functional group (Bellwood et al., 2004; Mumby, 2006) but are there any others? Which of the fishes on a reef are drivers vs passengers (sensu Walker et al., 2004) , and to what extent are drivers vulnerable to climate change? What physical and biological attributes make some reefs more resilient to disturbance than others?
(32) Habitat degradation caused by coral bleaching is recognised as a major threat to coral reef fishes. Following widespread coral mortality the dead coral skeletons are rapidly colonised by algal turfs, subsequently increasing the algal production per unit area. The ability of the reefs, and hence fish communities, to reassemble following disturbance may be dependent on herbivorous taxa compensating for this increased algal production. What are the thresholds for this positive feedback? Is there a critical biomass of grazing taxa beyond which the reef will start to shift to later successional stage algae? Does this relationship vary spatially? Do any particular taxa play a disproportionately important role in this process?
Connectivity and recruitment of fishes (33) Water temperature has a significant effect on the growth rate and other life-history traits of pelagic fish larvae (Sponaugle and Pinkard, 2004; Sponaugle et al., 2006) . Fish grow faster in warmer water but may settle when smaller and be more susceptible to predation. Faster growth and earlier settlement will potentially reduce larval connectivity among reefs by reducing pelagic larval duration (O'Connor et al., 2007) . How will changing water temperature affect the physiological condition and survival of fish larvae settling onto reefs?
(34) Faster growth of larval fish must be supported by higher rates of food intake. In food-limited environments, this has the potential to detrimentally alter recruitment patterns to reef populations (Munday et al., 2009c) . How will productivity and availability of oceanic food resources to larval fish be affected by climate change?
(35) Reliable estimates of oceanic currents' response to global warming, at spatial scales relevant to larval dispersal, are urgently needed to better predict the impacts on connectivity among reef fish populations (Munday et al., 2009c) . To what extent will current hydrodynamic regimes persist in a warmer climate, and how much will they need to change to affect larval delivery? How will changes in dispersal and connectivity affect fish assemblages within marine protected areas (MPA)? Will MPA designs need to be modified?
(36) Coral mortality attributable to climate change may increase the distances between habitat patches and reduce the 'target' size for larval fish attempting to recruit back to reefs (Munday et al., 2009c) . How may loss and fragmentation of reef habitats impair connectivity?
(37) Some fish species recruit to live coral but have no apparent affinity with coral during later life-history stages (e.g. Feary et al., 2007) . This may partially explain why the diversity and abundance of reef fish declines after extensive coral mortality (Jones et al., 2004) . Most work on juvenile habitat associations of coral reef fish S. K. Wilson and others has focused on a few families (e.g. pomacentrids), and there is a need to assess coral specialisation among a broader range of juvenile fish. What other fish recruit to live coral?
(38) What is the role of habitat attributes, such as structural complexity and habitat diversity, for fish recruitment? How will climate-related changes in these habitat attributes influence the settlement, subsequent survival and regional geographical distribution of a wide range of species?
(39) Larval fish may be attracted to reefs through chemical cues (e.g. Atema et al., 2002) . How will increased coral bleaching and perturbation on reefs change the 'chemical' environment? Will warmer or more acidic waters increase the rate at which chemical cues break down? How will this affect orientation of pelagic fish larvae?
Fish disease (40) Could an increase in SST facilitate the role of pathogens (abundance, activity, etc.) interacting with fish, as found with Vibrio spp. in Mediterranean gorgonian and tropical corals?
Fish behaviour
(41) Elevated CO 2 [1000p.p.m. (parts per million)] impairs the ability of clownfish larvae to distinguish olfactory cues from preferred settlement sites (Munday et al., 2009b) and to avoid the chemical cues of predators (Dixson et al., 2010) . What other species are similarly affected, and at what levels of CO 2 do behavioural responses manifest? How might this impact future recruitment patterns?
(42) Little is known beyond small-bodied specialised species of fish, regarding how far fish move to escape coral bleaching events (i.e. loss of local habitat) (Samways, 2005; Feary, 2007) . Corals can survive in so called 'depth refuges' below thermal thresholds during a bleaching event (Sheppard and Obura, 2005) . To what extent do a wide range of reef fishes move, both horizontally and with depth, during a bleaching event, and is such a strategy successful?
(43) A recent study has found that bleaching and coral death leads to changes in phenotypic selection of fishes (McCormick, 2009 ). How will changes in selective mortality impact the range of phenotypic and behavioural traits of fishes entering the reproductive life stages? These shifts in the nature of mortality may have impacts on the fundamental links between life-history stages and the evolution of life-history strategies (Podolsky and Morany, 2006) .
(44) Selection of settlement habitat by olfactory cues may be influenced during early development by acidification (Munday et al., 2009b) but it is currently unclear how other behaviours that require olfactory information may be disrupted. Given the recent finding that chemical alarm cues play an important role in risk assessment and the learning of the identity of predators on coral reefs (Larson and McCormick, 2005; McCormick and Manassa, 2008) , how will modified olfactory sensitivity impact predator recognition and predator-prey interactions?
Distribution patterns of fish (45) Changes in environmental conditions are expected to facilitate colonisation of species in marginal areas, particularly at higher latitudes (Cheung et al., 2009 ). On some reefs this will affect invasion vs extinction processes, with subsequent modifications in the relative dominance of exotic vs native species within local fish communities. Which species are most likely to be affected, to what extent will they be affected and how may research institutes collaborate better to monitor shifts in species ranges?
(46) Following extensive habitat loss and changes in environmental conditions local extinctions are inevitable (Munday, Climate change and coral reef fishes 2004). But will local extinctions extend out to regional or even wider-scale extinctions?
(47) At what spatial and temporal scales should correlative and experimental studies address potential climate change effects? There is a broad need to place climate change studies into a suitable temporal and spatial context. Clearly fish assemblages have existed in a fluctuating environment with oceanic oscillations on temporal scales from a few years (e.g. El Niño/La Niña) to multi-decadal regime shifts and longer (e.g. Chavez et al., 2003) . Is it sufficient to restrict studies to small areas without considering the larger effects? How relevant are short-term laboratory experiments?
(48) Much reef/climate research has focused on the potential impact of gradual increases in climate-related factors (temperature, acidification, etc.) but changes in the nature of irregular but dramatic climatic events such as El Niño/La Niña have the potential for rapid broad scale effects. For example, El Niño/La Niña events have been shown to synchronise reef fish population dynamics over large spatial scales (Cheal et al., 2007) but the synchronising mechanisms during these events are unclear. Which aspects of El Niño/La Niña cycles are capable of driving broad scale changes in fish communities? How will forecast changes in these major climatic events effect fish populations over large areas?
(49) Spatial variations in coral reef fish assemblages are apparent at regional (Atlantic-Caribbean/Indian/Pacific oceans) and even local scales. Similarly, the effects of climate change will vary over large and small spatial scales. Geographically which fish communities are most susceptible to climate change? Will the impact on community variables (species richness, density, trophic structure, etc.) vary geographically?
Management of fishes
(50) What are our goals: coral-dominated reefs, high fish biodiversity, attractive coral dwelling species, resilience or food security? Can we assume that any of these are correlated or causally linked and if so why? For example, one interpretation of recent evidence (Sandin et al., 2008) is that reefs with top predators are healthier or more resilient than reefs without top predators, and that this means that top predators are essential for ecosystem processes. An alternative interpretation is that reefs that are healthy are also able to retain sharks, i.e. sharks are an indication of, not a requirement for, healthy reefs. How can we separate correlation from causation? If climate change leads to a loss of species does this matter? What is the primary focus of our concern, the fishes, certain types of fishes or their ecological roles?
(51) Is there more we can do to manage climate change impacts on fish and coral reefs than just reduce greenhouse gas emissions? How might we 'enhance reef resilience'? Do existing management strategies contribute to the resilience of reef fish to climate impacts? If so, do they do so beyond just enhancing overall ecosystem resilience? Do no-take areas contribute to reef resilience, make no realistic difference or are they overwhelmed by the effects of climate stressors?
(52) Millions of people rely on coral reef fish for food and livelihoods. How will climate change affect coral reef fisheries? Other than reducing fishing pressure, what can we do to sustain reef fisheries?
(53) Global climate change will impact on human population and socio-economic processes, through population migration, food security, resource availability, etc. These changes will require new approaches for coral reef management and governance (Mumby and Steneck, 2008) . How will these modifications in management and governance practices affect fish communities, and how important will they be relative to other physical and biological effects of climate change?
Conclusion
Climate change is already having significant impacts on coral reef ecosystems and coral reef fishes Pratchett et al., 2009; Munday et al., 2008a; Wilkinson, 2008) , and will continue to do so as temperatures increase and oceans become more acidic. Because some of the most dramatic consequences of climate change are yet to occur, there is significant potential for many unknown effects. Yet we currently know enough to anticipate some of these changes and, more importantly, to identify the most pressing (and tractable) research directions to help better address the impacts of climate change in the coming years and decades. The aforementioned questions provide a framework to progress our knowledge of climate change-related effects on fish and fisheries. Although such a process is always evolving, and new pressing research questions may arise through unexpected change in identifying and ultimately filling the above research gaps, we hope to acquire the knowledge necessary to best mitigate the impacts of climate change on reef fish assemblages. Moreover, although we have focused on the effects of climate change on coral reef fishes, many of the posed questions are applicable to other organisms and systems and may act as a general guide for research on climate change.
